T lymphocytes are crucial for antiviral responses and provide a promising repertoire for potential therapies of viral diseases such as cytomegalovirus (CMV) infection^[@CR1]^ and the ongoing COVID-19 pandemic caused by SARS-CoV-2.^[@CR2]^ CMV-related diseases occur once the host immune system is impaired or lacks a protective repertoire of virus-specific T lymphocytes.^[@CR3]^ Adoptive transfer of T-cell receptor (TCR)-engineered T cells (TCR-Ts) provides an encouraging alternative treatment option for patients with CMV reactivation.^[@CR4]^ However, generating TCR-Ts requires the identification of epitope-specific and functional TCR pairs. Modern single-cell sequencing techniques open up the ability to unravel TCR repertoires,^[@CR5]^ which offers a potential opportunity to screen functional TCR pairs for TCR-T therapy. Here, we report an efficient approach that combines ex vivo CD8+ T-cell stimulation with single-cell RNA and TCR V(D)J sequencing to identify CMV-specific TCRs for generating TCR-Ts.

To identify functional CMV-specific TCRs, autologous dendritic cells (DCs) were loaded with synthetic CMV-NLV peptides (pp65~495-503~, an immunodominant CMV epitope). Purified CD8+ T lymphocytes isolated from healthy HLA-A\*02:01+ donors were stimulated with CMV-NLV-loaded DCs. Following two consecutive stimulations (14 days), an NLV-MHC tetramer assay showed that 19.4% of stimulated CD8+ T lymphocytes reacted specifically to NLV, compared with 1.28% in the controls (Fig. [1a](#Fig1){ref-type="fig"}). To investigate the functionality of NLV-specific T cells, we evaluated various immune responses against NLV-loaded T2 cells. Fourfold higher amounts of IFN-γ were produced by NLV-specific T cells when stimulated with NLV-loaded T2 cells than by NLV-specific T cells when stimulated with mock-loaded T2 cells (Fig. [1b](#Fig1){ref-type="fig"}). FACS-based analysis of CD107a degranulation validated that the NLV-specific T cells responded actively to NLV-loaded T2 cells (Fig. [1c](#Fig1){ref-type="fig"}). CFSE/PI cell-mediated cytotoxicity assays further showed that NLV-specific T cells could efficiently lyse NLV-loaded T2 cells at E:T ratios of 5:1 to 20:1 (Fig. [1d](#Fig1){ref-type="fig"}). These results collectively suggested the successful ex vivo generation of functionally competent CD8+ NLV-specific T cells.Fig. 1TCRs were identified by single-cell sequencing of engineered CD8+ T cells. **a** NLV-specific CD8+ T cells stained by NLV-MHC tetramer. IFN-γ secretion **(b)**, CD107a degranulation **(c)**, and cytotoxic activity **(d)** of NLV-stimulated T cells in response to T2 cells loaded with mock or NLV peptide. **e** The percentage and CDR3 amino acid sequences of distinct clonotypes. **f** Cells colored by clonotypes on the UMAP projection. **g** Violin plots of differentially expressed genes. **h** Differential gene expression analysis of functional gene sets in clusters 1 and 2. Each dot represents a gene. **i** GO and KEGG pathway enrichment analyses using genes upregulated in cluster 1. **j** Network of enriched terms in Fig. 2h colored by clonotype ID, in which nodes that share the same clonotype ID are typically close to each other. **k** Expression of introduced *TCR*^*clone\#1*^ and *TCR*^*clone\#3*^ in CD8+ T cells measured by NLV-MHC tetramer and anti-mouse TCRβ mAb. **l** IFN-γ ELISPOT results of *TCR*^*clone\#1*^- and *TCR*^*clone\#3*^-transduced CD8+ T cells in response to T2 cells loaded with mock or NLV peptide. TNF-α secretion (**m**), CD107a degranulation (**n**), and cytotoxic activity (**o**) of *TCR*^*clone\#1*^-transduced CD8+ T cells in response to T2 cells loaded with mock or NLV peptide. Data are the mean ± SEM. Paired two-tailed Student's *t* tests were conducted. *P* \< 0.05 was considered significant. \*\*\**p* \< 0.001; N.S. not significant

To identify sequences of NLV-specific TCRs, NLV-MHC tetramer+ and CD8+T cells were sorted by flow cytometry and analyzed with single-cell RNA and TCR V(D)J sequencing. A total of 781 single cells with high sequencing quality were captured by both single-cell RNA and TCR sequencing. T cells with identical TCR sequences were defined as one TCR clonotype and ranked according to frequencies (Fig. [1e](#Fig1){ref-type="fig"}). Unsupervised clustering showed that clonotypes 1, 2, and 4 were located in one cluster (cluster 1), while clonotype 3 and other low-frequency clonotypes had a distinct expression profile (cluster 2) (Fig. [1f](#Fig1){ref-type="fig"}). Differential gene expression (DGE) analysis revealed that cytotoxic effector molecules (GZMH and NKG7), the proinflammatory cytokine IFNG, and the exhaustion marker TIGIT were highly expressed in cluster 1, suggesting that cluster 1 cells had been activated and had differentiated. In contrast, naïve cell-related markers (CD27 and LEF1) were highly expressed in cluster 2, suggesting naïve populations (Fig. [1g](#Fig1){ref-type="fig"}). Furthermore, DGE analysis with a T-cell-specific functional gene set^[@CR6]^ showed high expression of 40 functional genes (*p* value \< 0.01, Wilcoxon test, and fold change ≥ 2) in cluster 1 (Fig. [1h](#Fig1){ref-type="fig"}). Gene ontology analysis and KEGG pathway enrichment analysis showed that these 40 genes are functionally involved in cytokine receptor--ligand interactions and lymphocyte activation (Fig. [1i, j](#Fig1){ref-type="fig"}). These results suggest that cluster 1 represents potentially functional NLV-specific T cells, whereas cluster 2 represents naïve CD8+ T cells.

We selected the complete TCR pair from clonotype 1 (NLV-specific) and clonotype 3 (naïve) for TCR-T generation. The reconstructed full-length TCR pairs were designated *TCR*^*clone\#1*^ and *TCR*^*clone\#3*^, in which the TCR constant regions were replaced with murine ones to eliminate potential mispairing and enhance the expression of TCR pairs (Fig. [S1a](#MOESM2){ref-type="media"}).^[@CR7]^ Lentiviruses expressing *TCR*^*clone\#1*^ or *TCR*^*clone\#3*^ were transduced into primary CD8+ T cells with high transduction efficiency (Fig. [S1b, c](#MOESM2){ref-type="media"}), and the cells were evaluated 7 days after transduction with functional analyses. Approximately 10% of *TCR*^*clone\#1*^-engineered T cells were positive for both NLV-MHC tetramer and TCRβ mAb staining. As expected, *TCR*^*clone\#3*^-engineered T cells were positive for TCRβ mAb staining (20.2%) but negative for NLV-MHC tetramer reactivity (Fig. [1k](#Fig1){ref-type="fig"}). Using genetically engineered TCRβ-deficient Jurkat cells, we further confirmed the difference in reactivity to NLV-MHC tetramers between the two clonotypes (Fig. [S1d](#MOESM2){ref-type="media"}). Analysis of IFN-γ production showed that *TCR*^*clone\#1*^-transduced T cells significantly increased IFN-γ secretion in response to only NLV-loaded T2 target cells and not the mock control (Fig. [1l](#Fig1){ref-type="fig"}, *P* value \< 0.001 and fold change \> 6). We also evaluated other immune responses and found that TNF-α production (Fig. [1m](#Fig1){ref-type="fig"}, p value\<0.001, fold change\>7), CD107a expression (Fig. [1n](#Fig1){ref-type="fig"}, *p* value \< 0.001, fold change \> 4), and cytotoxicity (Fig. [1o](#Fig1){ref-type="fig"}, *p* value \< 0.001, fold change \> 2) were significantly higher in *TCR*^*clone\#1*^-engineered T cells reacting against NLV-loaded T2 cells than in those reacting against the mock control. These results suggest that engineered CD8+ T cells with the TCR pair from clonotype 1 respond specifically and functionally to CMV-NLV.

We present a single-cell approach for the generation of TCR-engineered CD8+ T cells. This strategy can potentially be applied to other diseases in addition to CMV-associated diseases, such as the ongoing pandemic caused by SARS-CoV-2, to generate immunotherapeutic treatments for viral diseases. There are two essential steps to ensure the success of this approach: identification of viral-specific immunodominant epitopes and identification of reactive and functional TCR pairs. The first step can be achieved using computing-based large-scale screening methods.^[@CR8]^ We show in this study that the second step can be achieved with a combination of ex vivo CD8+ T-cell stimulation followed by single-cell RNA and TCR sequencing. Although the naïve TCRs also evolved in stimulated cells (e.g., clonotype 3), we could predict naïve cell status using transcriptional information from single-cell RNA sequencing. Our findings correlate with a recent discovery that antigen-experienced CD8+ T cells can display a naïve-like phenotype.^[@CR9]^ In summary, defined clusters of TCRs are highly associated with the activation and differentiation status of T cells. Correlative analysis of the single-cell transcriptome and TCR sequencing data provides a useful strategy to identify functional TCR pairs against viral epitopes. Our approach can enhance the development of TCR-T therapies for the treatment of infectious diseases caused by human transmissible viruses and potentially for the severe acute respiratory syndrome caused by coronaviruses.^[@CR10]^
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